The pure rotational transitions of the protonated hydrogen cyanide ion,
INTRODUCTION
The protonated hydrogen cyanide ion, HCNH + , has drawn much attention because of its importance in the chemistry of interstellar clouds. HCNH + was first detected toward Sgr B2 by Ziurys & Turner (1986) who observed three rotational transitions of J = 1 − 0 to 3 − 2. The fractional abundance of HCNH + was estimated to be 3 × 10 −10 . Later, Ziurys, Apponi, & Yoder (1992) tried to observe HCNH + in the dark clods, and succeeded to detect it toward TMC-1 with the fractional abundance being estimated to be 3 × 10 −9 . The hyperfine structure of the J = 1 − 0 transition was resolved and the quadrupole coupling constant eQq of the nitrogen nucleus was determined. Interestingly, these abundances in the both clouds are generally higher than those predicted by several model calculations (Millar, Farquhar, & Willacy 1997 , Hasegawa & Herbst 1993 , Herbst & Leung 1989 , Langer & Graedel 1989 
HCN, HNC, and CN have been observed abundantly in many interstellar clouds. The higher abundance of HNC than that estimated from thermodynamical equilibrium in the -4 -interstellar cloud is a convincing evidence suggesting the contribution of these reactions (Herbst 1995 , Schilke et al. 1992 , Schilke et al. 1991 . So far the branching ratio of this reaction was predicted from theoretical calculation by Talbi, Ellinger, & Herbst (1996) and has not been measured in laboratory experiment. It can be said that the HCNH + ion is ubiquitous in molecular clouds and plays an important role in interstellar hydrogen cynaide chemistry.
The isotopic species of HCN and HNC are the precursors or the reaction products of HCNH + as seen in reactions (1) and (2), and are also known to show significant deuterium enrichment in the interstellar media (Howe & Millar 1993 , Watson 1976 , Brown 1977 , Godfrey et al. 1977 , Mangum, Plambeck, & Wootten 1991 , Penzias et al. 1977 , Turner & Zuckerman 1978 . The high abundance of the deuterium species can be mostly explained by chemical fractionantion at low temperature environment. However the observation of DCN or DNC in the hot region like Orion-KL strongly suggests an involvement of dusts in the formation or storage process, i.e. sublimation of the fossil molecule from the dusts (Mangum, Plambeck, & Wootten 1991) . The observation of the deuterium species of the HCNH + ion, HCND + and DCNH + , is essential to a thorough understanding of the cyanide chemistry in the interstellar media. In that sense, laboratory spectroscopy of HCNH + and its isotopic species is quite important to provide the rest frequencies of the rotational transitions.
There are many laboratory spectroscopic reports for vibration-rotation transitions of HCNH + in the infrared region (e.g., Amano & Tanaka 1986 , Kajita, Kawaguchi, & Hirota 1988 , Liu, Lee, & Oka 1988 . The J = 2 − 1, 3 − 2, and 5 − 4 transitions of HCNH + were observed by Bogey et al. (1985) in the millimeter and submillimeter wave region and the molecular constants were obtained. Based on these results, HCNH + was detected in interstellar clouds.
-5 -On the contrary, the microwave spectroscopic study of the deuterated species has not been done. Bogey, Demuynck, & Destombes (1985) reported a tentative detection of DCNH + at 370 GHz region (J = 6 − 5), however it has not been confirmed. For the vibration-rotation transitions of isotopic species in the infrared region, the ν 2 band of HCND + and the ν 1 band of H 13 CNH + were observed by Amano & Tanaka (1986) and they determined the r s structure. The ν 1 band of DCNH + was reported by Amano (1984) . The experimental errors of the rotational transitions derived from their molecular constants are about several MHz or more, which are not accurate enough to search the molecule in the astronomical observation. This letter reports the laboratory microwave spectroscopy of the HCNH + ion and its deuterated species for providing accurate rest frequencies of their rotational transitions.
EXPERIMENTAL DETAILS
Pure rotational transitions of the HCNH + , HCND + , and DCND + were observed using the same experimental apparatus as that previously described (Saito & Goto 1993) .
Briefly, a free space discharge cell with 2 m length and 10 cm outer diameter was cooled by circulating liquid nitrogen through a copper tube soldered on a copper sheet covering the glass cell. Around the cell is wound a solenoid of enameled wire. The magnetic field was generated to confine the discharge plasma. The spectrometer was a 100 kHz source-modulated system. Microwave radiation was generated with a combination of frequency multipliers and klystrons. The InSb photoconductive detector cooled by liquid helium was used to measure the power of microwave radiation.
The HCNH + was generated by the dc-glow discharge in HCN (1 mTorr) at -100 to -140
• C. The DCND + was with DCN (5 mTorr) and the HCND + with the gas mixture of HCN (2 mTorr) and DCN (5 mTorr). The method of a magnetically confined dc-glow -6 -discharge was employed for efficient production of protonated ions which was enhanced due to the lengthening of the ion-rich negative glow and the increase of ionizing electron density (De Lucia et al. 1983 , Bogey, Demuynck, & Destombes 1985 . The optimum magnetic field was about 130 Gauss, and the discharge current and voltage were 40 mA and 2200 V, respectively. Signal intensities of the observed lines were enhanced due to the magnetic field, confidently indicating the lines to be the transitions of protonated ions. The dependence of the J = 6 − 5 transition of HCND + on the magnetic field is shown in Figure 1 .
EDITOR: PLACE FIGURE 1 HERE.
For the HCNH + ion, three lines were remeasured which were already reported by Bogey , Demuynck, & Destombes (1985) and two other lines were newly measured in the present study. On the basis of their observation toward TMC-1, Ziurys, Apponi, & Yoder (1992) obtained the eQq constant of the nitrogen nucleus to be -0.49 MHz. For the observed J = 2 − 1 line in the present study, the hyperfine splitting by the eQq interaction of the nitrogen nucleus was not resolved. The full width at half maximum of the J = 2 − 1 transition was about 400 kHz, which is mainly due to pressure broadening and not narrow enough to resolve the hyperfine structure. The frequencies of DCND + were predicted from the r s structure (Amano & Tanaka 1986) . For HCND + the frequencies have been predicted from the molecular constants determined by the infrared study (Amano & Tanaka 1986 ).
The lines of the HCND + and DCND + were detected within estimated error ranges. The frequencies of DCNH + were also predicted from the molecular constants obtained from infrared spectra (Amano 1984) . Several attempts were made on the detection of DCNH + , but without success due to the small dipole moment as discussed later. All the observed line frequencies of three isotopic species are listed in Table 1 .
EDITOR: PLACE TABLE 1 HERE.
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The observed frequency may include an ion-drift Doppler shift, and we measured difference between the observed frequencies of the J = 5 − 4 transition of HCNH + in normal and opposite electrode configurations, where in the normal one microwave radiation propagated from the anode to the cathode, and in the opposite one vise versa. However, corrections due to the drift Doppler shift turned out to be unnecessary for all the measured lines because the amount of shift was smaller than our experimental accuracy of several tens kilohertz (Table 1) .
RESULT AND DISCUSSION
The observed line frequencies of HCNH + , HCND + , and DCND + were analyzed using a rotational energy formula of linear molecule with a least-squares method. The molecular constant for each species was precisely determined. Two transitions of HCNH + were newly measured in addition to the previous study (Bogey, Demuynck, & Destombes 1985) , consequently the precision of the determined rotational and centrifugal distortion constants was improved by about one order of magnitude. The standard deviation of HCNH + lines decreased by about one order from the previous values. For HCND + , the accuracy of the rotational constant was improved by more than two orders of magnitude from the previous infrared study. The DCND + ion was spectroscopically detected for the first time. These molecular constants are listed in Table 2 . The accuracy of the rest transition frequencies is around several tens of kilohertz and they are now available for the astronomical search.
EDITOR: PLACE TABLE 2 HERE.
In contrast to the above three species the signal of DCNH + was not detected in this laboratory study. Although we searched the region where Bogey, Demuynck, & Destombes (1985) reported its detection and also that estimated from infrared study, the signal -8 -intensity was less than our detection limit. This is due to the small electric dipole moment of the molecule. Botschwina (1986) calculated this physical quantity for four isotopic species. He reported that the dipole moment of HCNH + , HCND + , and DCND + were -0.29, -0.54, and -0.26 D respectively, while for DCNH + it was reduced to 0.004 D. Our result strongly supports his calculation; its dipole moment was estimated to be at least less than 0.1 D if the statistical partitioning of the H and D atoms was assumed in the formation reaction in the discharge cell. As a result, the astronomical search for DCNH + in the microwave region seems to be difficult. The dipole moment of HCND + is about twice larger than that of HCNH + (Botschwina 1986) , so that its search in interstellar clouds may be advantageous.
Now we concern about a possibility of the astronomical detection of the deuterated species, HCND + . Deuterium enrichment is observed in many molecules, as HCO + , HNC, HCN, and others. The abundance ratios to their normal species of DCO + , DNC, and DCN in TMC-1 are 0.013-0.017 (Guélin, Langer, & Wilson 1982) , 0.015 (Guélin, Langer, & Wilson 1982) , and 0.022-0.024 (Wootten 1987) , respectively. HCNH + is related with HNC and HCN via reactions (1) and (2) Millar, Bennett, & Herbst (1989) and Howe & Millar (1993) predicted its ratio by model calculations in TMC-1 to be 4.9 − 8.6 × 10 −2 and 7.1 − 10 × 10 −2 in early time (3 × 10 5 yr) and in steady state, respectively. We employed the highest value in the present calculation, i.e., [
Radiation temperature T R of the J = 1 − 0 transition and ∆V 1/2 for HCNH + toward TMC-1 were reported by Ziurys, Apponi, & Yoder (1992) : T R = 0.42 K and ∆V 1/2 = 0.5 kms −1 where the T R was summed over all three hyperfine components. Column density of HCNH + was recalculated to be N tot = 5.6 × 10 13 cm −2 using a dipole moment of 0.29 D (Botschwina 1986 ) and T rot = T ex = 7K. Column density of HCND + toward TMC-1 -9 -is therefore 5.6 × 10 12 cm −2 . For the J = 2 − 1 and 3 − 2 transitions, the radiation temperatures in optically thin and local thermal equilibrium case are calculated to be about 230 and 150 mK, respectively, with the dipole moment of 0.54 D (Botschwina 1986 ).
The present calculation demonstrates a high possibility of the detection of the HCND + ion toward TMC-1 as far as the deuterium ratio is around the order of several percent.
The observation of HCND + may help us to understand the HCN/HNC chemistry in the interstellar media.
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-10 - b ∆ν = ν obs − ν calc .
c Calculated value. The molecular constants given in Table 2 are used.
d Not included in the least-squares fit.
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